The optical reflectivity method was used to investigate the structure of shock fronts in argon from Mach 1.70 to Mach 4 .8 5 and in nitrogen from Mach 2.01 to Mach 3.72. Experimental data were obtained at two wavelengths and over a wide range of initial pressures. The reflectivities, corrected empirically for shock curvature, were fitted to a bimodal profile to yield a maximumsslope density thickness. The reciprocal of the thickness in argon (expressed in terms of the Maxwellian mean free path in the undisturbed gas) rises rapidly to a maximum of approximately 0.31 at about Mach 3.5 and decreases gradually thereafter. Above Mach 3 the thickness is about 50% greater than calculated from the Navier-Stokes equations, using a realistic viscosity-temperature relationship. There is excellent agreement, especially at the higher shock strengths, with recent bimodal calculations carried out by Muckenfuss, using realistic intermolecular potentials. In nitrogen, the shocks are thinner than in argon and appear to attain a minimum value of 2.5 initial mean free paths at about Mach 3.7. Rotational relaxation appears to be as rapid in the strong shocks as previously observed in weak shocks; it appears to be completed within the shock front. The experimental density thicknesses are approximately 50% greater than those calculated from the Navier-Stokes equations, using experimental shear viscosity 1A and a bulk viscosity of 216/3.
Introduction
The structure of shock fronts in various gases has been investigated by a number of experimental techniques in the last few years•"Lo.
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about Mach 2 no clear cut differences have appeared between the shock thicknesses determined experimentally and those predicted by the NavierStokes equations, a surprising result in view of the large deviations from thermal equilibrium which exist within the shock. Indeed, it has been pointed out by Sherman and Talbot that the kinetic theory which leads a to the Navier-Stokes equations breaks down completely above Mach 59 giving a physically impossible molecular velocity distribution.
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The effect of higher order terms in the kinetic theory has been studied theoretically and leads to the conclusion that above Mach 2 the thickness would deviate substantially from the Navier-Stokes predictions. However, all of these theories suffer from convergence problem in the series solutions.
An alternative approach was proposed by Mott-Smith, namely to uses a bimodal velocity distribution, and it has served as a basis for a number of further studies. The bimodal theory predicts substantially thicker shock fronts than the Navier-Stokes equations, particularly in the region above Mach 2.
The situation, therefore, is that the real differences between the various theoretical approaches develop above Mach 2 where there are very few measurements. Consequently, it seemed important to extend the measurements of shock front thicknesses to shock strengths substantially above Mach 2.
It appeared to us that of the three experimental techniques currently used for studying shock structure, the optical reflectivity method 1 5 s had the best chance of success at higher Mach numbers. Although the electron beam technique has been used to investigate shock structure up to Mach 6 10 the results obtained were only of a preliminary nature and were difficult to interpret. As for the free molecule probe method 6"8 the problems involved in producing stationary shock fronts beyond Mach 2 set an upper limit to the range of shock strengths which could be studied.
In order to make optical reflectivity measurements on stronger shocks than heretofore, it was necessary to strengthen the apparatus and to employ much higher driver pressures than in earlier work, since the requirement that the thickness be substantially less than the wavelength of the light employed precluded the lowering of the initial pressure. In many cases combustion driving was employed. We were thus able to generate shock waves as strong as M = 4.7 with initial pressures of approximately one atmosphere.
Furthermore, increased aperture and better baffling of the optical system significantly increased the signal-to-noise ratio, making it possible to extend the measurements to lower reflectivities. In this way, we were able to make measurements up to Mach 4.70 with greater precision than previously achieved.
Another problem in which we were interested was whether rotational relaxation in a diatomic gas was as rapid in strong shocks, where the final temperature is high, as it has been found to be in weak shocks.
The experimental thicknesses for weak shocks can be accounted for satisfactorily if, in addition to the shear viscosity, the gas also has a bulk viscosity. In N& this bulk viscosity is equivalent to a rotational relaxation time of 5.5 collisions. However, in both Na and CO the apparent final density was about 5% lower than expected at M = 1.55, implying that in the shock front the "effective" heat capacity was about 93% of the equilibrium value for translation and rotation. More recently, preliminary measurements of the reflectivity of shock fronts in oxygen at Mach 35 indicated an even greater discrepancy between the observed and the theoretical equilibrium densities. Since these studies implied that not all of the rotational heat capacity was effective in the shock front region, it was of interest to undertake a more extensive study of translational-rotational energy exchange in a diatomic gas at high temperatures.
The Optical Reflectivity Method
In the optical reflectivity method a eollimated beam of light from an intense high-pres.ure mercury lamp is reflected off the shock front, passes through a narrow band interference filter, and is brought to a focus on the cathode of a photomultiplier tube. The reflectivity, R.
is given by the equation, (I + tan* R'I/cos 9)
where Ain is the change of index of refraction across the shock front, 8 is the angle of incidence (and reflection) between the light beam and the normal to the shock front, and X is the wavelength of light.
R'(X/cos 0) is a reduced reflectivity given by the expression,
(tn) -1 dx dn the integral being the Fourier transform of (aI). The shock front density profile used in calculating RO in this work was of the form,
where L is the maximum slope thickness. This profile is exact for the bimodal theory of Mott-Smith and approximates all other shock front models closely for low Mach numbers. oxygen mixture was used in all combustion-driven shocks. The mixture was ignited by the simultaneous firing of nine spark plugs which were equally spaced along the length of the high pressure section. These were pulsed by the discharge of a condenser bank through automotive spark coils.
The apparatus was carefully designed to prevent the occurrence of deton- iight was reflected off the front of the shock wave rather than the back. The pulses from the light screens were fed into a Beckman timeinterval meter. The combined timing error resulting from the rise time of the pulses and from the accuracy of the timer was negligible, being of the order of a few tenths of a percent.
A schematic diagram of the optical system employed in the reflectivity measurements is shown in Figure 1 Transmission at other wavelengths was less than 0.1% of the peak values. The output pulse of the photomultiplier tube was taken through a White cathode follower and fed into a Tektronix type 545 oscilloscope.
The signal.to-noise ratio was usually more than twenty. The noise arose almost entirely from extraneous light reaching the photomaltiplier tube. For Mach numbers above 5, an additional "noise" appeared as a result of the gas behind the shock front becoming luminous at the high temperatures generated by such strong shocks (e.g. about L4000OK at M = 5). At low initial pressures, the luminous background was sufficient to mask the reflectivity pulse and it became necessary to increase the pressure in order to obtain adequate reflection-to-luminosity ratios.
The low pressure section of the shock tube was evacuated to 100 microns or less before gases were admitted. The leak rate was negligible in view of the high initial pressures employed. The gases used were taken from commercial cylinders without any further purifi.
cation. Pressures below an atmosphere were measured on a mercury mano- for wavelengths of 4350 A and 5790 A respectively. Moreover, RO was so high that it was insensitive to errors in the value of Lo assumed.
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In early measurements, this value of k was used to calculate the average absolute value of R' for a set of experiments from Equation (6),
and Lo was then determined from Equation (5). If R' was much less than unity this method should have yielded accurate values of Lo, since RO is then very sensitive to Lo. However, it was found that the apparent value of the thickness, Lo, differed for shocks at the same Mach number but different initial pressures. It was thus apparent that k was not a constant but depended on the initial pressure, pl, the shock strength, M, or both. To cope with this problem, reflectivity measurements were made at a number of values of(X p±/cos 8)9 and hence R', each set being calibrated against shocks in argon at M = 1.4 and p, = 60 p.s.i.a. The resulting data, as can be seen from the curves in Fig. 2 , could be fitted to a theoretical curve of the form of Equation (5) to within the experimental error. However, instead of approaching the asymptote, R' = I, they approached a value g < l. Hence, they acted as if Eq. (5) were correct but the true calibration constant were gk, where g is a function of the shock strength but not of pl. The dependence of g on the Mach number is shown in Fig. 3 . The problems this raises will be discussed at greater length later.
For several shock strengths, measurements were carried out in argon at only one value of the parameter (Xpl/cos 0). For these cases, g was obtained by interpolation from those experiments in which it was determined by the aforementioned procedure (i.e. from Fig. 3) . The calibration constant was then taken as gk to obtain RO from Eq. t6) and Lo from Eq. (5).
Results
A summary of the pertinent data and results for the individual sets of experiments in argon and nitrogen is given in Table 1 relative to the reference value at Mach 1.4 which is set equal to unity.
Whereas Figure 3 shows g is a relatively smooth function of M, there is no correlation with pl, of which it might also have been a function. g factors corresponding to the Mach numbers at which only one value of (c-s-e-) was investigated were obtained by interpolation from a smooth curve drawn through the points on the argon plot.
Results for these experiments are given in Table 2b . Since the highest shock strength at which g was determined experimentally was Mach 4.72, a linearly extrapolated value of g was used for the point at Mach 4.85.
Reciprocal shock thicknesses for argon obtained in this investigation are plotted against Mach number in figure 4 . Also shown are experimental points determined by other workers as well as the theoretical Navier-Stokes curve for the density thickness and that calculated from the bimodal theory using several intermolecular potentials. Each of the theoretical curves uses potential parameters which duplicate the experimental viscosities up to the temperatures reached in a Mach 3
shock wave. Reciprocal shock front thicknesses listed in Table 2a are denoted in the figure by open circles and are the most reliable points since they represent the greatest number of experiments. The g factor for each of these points was determined at the same Mach number at which the thickness was measured, whereas for the experiments reported in Table 2b the g factor had to be estimated by means of a graphical interpolation. It can be seen from figure 4 , however, that the elimination of either set of points would not change the essential form of the experimental thickness curve.
Finally, results for the experimental shock thicknesses in nitrogen are compared in figure 5 to the Navier-Stokes density thicknesses, with and without a bulk viscosity term. Each of these points is based on measurements at three values of (Xp±/cos 9).
The g Factor: Argon
The g factor may be interpreted as the ratio of the actual calibration constant for the experiment to that at Mach 1.4 in argon. From figure 3 , it is seen that this ratio differs from unity and is a function of the Mach number.
Such a situation can occur when the sensitivity of the apparatus changes with shock strength. For example, if the electronic rise time were comparable with the rise time of the experiment, the distortioa of the photomultiplier signal would increase with shock speed. This particular effect could be neglected in our experiments, however, since the combined rise time of the circuits and of the oscilloscope input leads was of the order of 0.05 "sec whereas the rise time of the reflectivity pulses was always greater than one 16sec.
The g factor would also differ from unity if a Mach number dependent property of the shock wave such as the density ratio or the shape of the density profile differed from that expected. from the theoretical value. The effect of profile shape cannot be ruled out quite as decisively but are also unlikely to be the source of difficulty.
In the first place, the direct measurements of the profile by Talbot and Sherman, using the thin wire probe method, showed that up to Mach 1.8 the profile followed the Navier-Stokes profile.
Secondly, it has been shown that the asymetry which.develops in the curvature.
An even larger number of irregularities which could contribute to shock wave disturbance were present in the shock tube used in our experiments. Two oval-shaped windows were inserted in our cylindrical shock tube so as to make the long dimension approximately flush with the shock tube wall. As a result, the internal diameter of the tube was decreased by 1.7% at the center of the windows. Furthermore, the small dimension of the window protruded, at the center, almost 1/16 in. past the shock tube wall, a protrusion that did, however, become smaller in successive experiments as a result of continuous erosion by passing shock waves.
Still another possible cause of non-uniformity in the fluid flow was the indirect result of the slight collapse of the shock tube wall during heli-arc welding of the window bosses. The section was bored out but an unexpected "chattering" of the boring tool produced some roughness in the wall which was diminished, but did not quite disappear, with subsequent smoothing. Thus, from both theoretical and experimental considerations, the suggestion that the g factor is caused by shock front curvature seems reasonable.
The g factor: Nitrogen
Using the calibration constant, k, determined with Mach 1.4 shocks in argon and the theoretical values of AP/pj, for rotationally equilibrated nitrogen, the asymptotic value of RO also approaches a value-15-which is less than one. In this case the deviation might be ascribed to a difference between the experimental Ap and the equilibrium value as well as to its source (curvature?) in argon. There is nothing In our experi.
ment Ahich can distinguish the two. However, If it is assumed that the curvature is the same in nitrogen as in argon, so that the g factor from this source is the same in both gases we are led to the following experimental values of (Pa) exptl: On the average the densities are some 5% below the value for rotational equilibrium. However, we can certainly conclude that (ps)exptl. -(Pa)
theor. to within the combined uncertainty of the curvature assumption and the experimental scatter. In that case we can also conclude that although in the Mach 3.72 shock wave the nitrogen is heated to 1050"K., the gas comes to rotational equilibrium within the shock front transition. In this case rotational relaxation proceeds essentially in parallel with translational relaxation, even when the quantum number of the most energetic quarter of the molecules changes from J = 12 to J = 22.
The Thickness of Shock Fronts in Argon and Nitrogen
The reciprocal shock thicknesses in argon and nitrogen are shown in viscosity is included is about as good as was obtained with argon, this value of the bulk viscosity must be roughly correct. One cannot go further at this time than to say that up to Mach 3.7 rotational relaxation seems to be completed during the shock compression and that the effect on the structure of the front can be described approximately by a bulk viscosity term.
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